Abstract: Galactosaminogalactan (GAG) is an extracellular polysaccharide produced by the mycelium of the opportunistic human fungal pathogen Aspergillus fumigatus. GAG is the first polysaccharide described as a virulence factor in medical mycology. This review presents our current knowledge of the structural organization and biosynthesis of this polymer. The function of this molecule as an adhesin that also masks Aspergillus PAMPs and the impact of GAG on the modulation of the host immune response by inducing neutropenia and blocking the IL-1 signaling pathway also will be emphasised.
GAG is a heterogenous polysaccharide which is a major component of the extracellular matrix of A.fumigatus.
Galactosamine-containing polymers have been described in several ascomycetes, such as Aspergillus parasiticus, Aspergillus niger, Neurospora crassa, Penicillium frequetans, Paecilomyces sp., Bipolaris sorokiniana (Distler and Roseman 1960 , Reissig and Glasgow 1971 , Bardalaye and Nordin 1976 , Pringle 1981 , P. Ruperez 1981 , Takada et al. 1981 , Takagi and Kadowaki 1985 , Guerrero et al. 1988 ). These polymers were isolated from culture medium or cell-wall fraction. Their composition is variable from one species to the other with a percentage of galactosamine comprised 20-98% and de-N-acetylation 4-60%. In addition three different glycosidic linkages (α [1, 3] , α [1, 4] or α [1, 6] ) have been reported in the sequence. Galactosaminogalactan (GAG), from A. fumigatus is a secreted heterogeneous polysaccharide found in cell-wall and extracellular matrix. GAG is absent in dormant conidia, begins to be produced as soon as the germination starts and is synthesized during all stages of vegetative growth, including during in vivo infection (FIG.1) (Loussert et al. 2010 , Fontaine et al. 2011 ). Originally GAG was described as a linear and water-insoluble polymer composed of galactose (Gal) and N-acetylgalactosamine (GalNAc) residues linked through only α(1,4)glycosidic linkage and in a random distribution along the polysaccharide chain (Fontaine et al. 2011) . The polymer size has been estimated by gel filtration chromatography to be 10-1000 kDa with an average of 100 kDa. The ratio Gal/GalNAc is extremely variable from chain to chain inside the same batch of production where the highest GalNAc rich fraction is found in a fraction insoluble in 8M urea. In addition the amount and composition of GAG depends on the medium composition (Beauvais et al. 2013 , Muszkieta et al. 2014 .
Recent data have shown that GAG is also rich in galactosamine (GalNH 2 ) (Bamford et al. 2015) . The presence of de-N-acetylated galactosamine residue also were described in GAG produced by A. parasiticus and N. crassa (Araki et al. 1979 , Jorge et al. 1982 . Even though the definite sequence of GAG remains unknown to date, GAG can be schematically represented as
GAG biosynthetic pathway.-The current status of our understanding of the GAG biosynthetic pathway is illustrated (FIG.2) . Like for other fungal polymers, the synthesis of GAG uses nucleotide sugars that in this case are UDP-Gal and UDP-GalNAc. UDP-Gal and UDP-GalNAc are produced by the conversion of UDP-glucose into UDP-galactose and UDPGlcNAc into UDP-GalNAc by UDP-Glucose and UDP-GlcNAc epimerases (UGE). These enzymes were identified from a transcriptomic analysis of ΔmedA and ΔstuA mutants unable to produce submerged biofilm due to a strong reduction of GAG synthesis (Gravelat et al. 2013 ). Three UGE genes (UGE3, UGE4, UGE5) have been identified in A. fumigatus, Uge3p can convert both UDP-Glc and UDP-GlcNAc into UDP-Gal and UDP-GalNAc respectively whereas Uge5p can use only UDP-Glucose (Lee et al. 2014) . The absence of UGE5 induces a decrease of galactose content in both galactose-containing polymers. Uge4 seems not to be active in A. fumigatus in that the double mutant Δuge3/Δuge5 does not incorporate galactose residue in any cell wall polymers. Of interest, the overexpression of AfUGE3 in A. nidulans induces an increase of the GalNAc content of the corresponding GAG (Lee et al. 2015) , suggesting that UGE3 expression is a key step of the GAG regulation. Both UDP-Gal and UDP-GalNAc further became the substrate donor of a specific glycosyltransferase to polymerize GAG chain (Gravelat et al. 2013) . Recently in our laboratory a putative α-glycosyltransferase from the CAZy family GT4 has been shown to be essential to the GAG synthesis in that a deletion of the GT4C gene led to the production of a mutant exempt of GAG. The protein topology and the presence of 14 transmembrane domains suggest that this protein is localized at the plasma membrane and is the GAG synthase (a member of CAZy glycosyltransferase family GT4 is essential to the biosynthesis of galactosaminogalactan (GAG) in Aspergillus fumigatus [Fontaine T 2015 6th However, their role in the synthesis or remodeling of GAG is not always clear. For example, Sph3p, a membrane bound GAG hydrolase was shown to be essential for GAG synthesis (Bamford et al. 2015) . It is difficult to understand how a GAG hydrolase is important for the GAG polymerization. Other enzyme activities have been associated with GAG biosynthesis or remodeling. Particularly cell wall associated GAG de-N-acetylase and endo-α(1,4)galactosaminadase (GH114, CAZy family members) have been described to be able to de-N-acetylate GAG and cleave de-N-acetylated form of GAG respectively (Glasgow and Reissig 1974 , Araki et al. 1979 , Bamford et al. 2015 . The five identified genes involved in GAG biosynthesis are clustered on the chromosome III (Afu3g07860 to Afu3g07810) (Bamford et al. 2015) .
It is well known in Gram-positive and Gram-negative bacteria that extracellular polysaccharides are produced by gene operons that contains five to more than 10 genes (Whitfield et al. 2015) . These genes code for several proteins with different functions in the biosynthesis of the exopolysaccharides (EPS) of Gram-positive bacteria which present the highest structural analogies with the fungal cell wall in that it is composed of a single cytoplasmic membrane directly covered by a cell wall (Köseoğlu et al. 2015) . The enzymes responsible for the synthesis of EPS are (i) polymerases at the plasma membrane, involved either alone or in conjunction with another protein in the synthesis and export of the polysaccharide (ii) transferases and/or hydrolases able to add or remove functional groups of the neosynthesised polysaccharide in the outer layer. These post-synthetic modifications are essential in the evasion of the host immune mechanisms. In fungi operons have not been described and clusters of genes have been only found associated with the production of secondary metabolites (Brakhage 2013) . However, gene organization involved in the biosynthesis of the GAG suggests that clustering of genes may occur for the production of complex polymers with high Mr. A second example is a CAZYME cluster, identified to be highly upregulated during the formation of biofilm (Afu8g00640-Afu8g00700) (Gibbons et al. 2012) . Of interest, a cluster (Afu4g14070-Afu4g14090) that codes for proteins homologous to the ones encountered in the GAG cluster has been shown to be not involved in GAG synthesis (Muszkieta pers comm) . The function and interaction of the encoded proteins in this cluster is currently under investigation.
GAG is a virulence factor.-During Aspergillus infection fungal cell wall polymers interact
with host tissue and immune system. It has been shown that α and β glucans of A. fumigatus induce a protective effect through a Th1/Treg response whereas galactomannan promotes a nonprotective response through Th2/Th17 (Bozza et al. 2009 ). Unexpectedly in both vaccination and infection murine models of aspergillosis the intranasal inoculation of purified GAG favors aspergillosis in that it promotes a higher fungal survival in the lung (Fontaine et al. 2011 ). Uge3 deficient strain of A. fumigatus, unable to synthesize GAG polymer, possess an attenuated virulence in an experimental murine aspergillosis model (Gravelat et al. 2013 ).
Moreover, the overexpression of AfUGE3 in A. nidulans induced an increase in the production of GAG containing a higher percentage of GalNAc residues. This increase of GAG content in the minimally pathogenic species A. nidulans enhanced its virulence in mice (Lee et al. 2015) . However, increasing the amount of GAG over a certain threshold that promotes vegetative growth in situ, does not make a strain hypervirulent in that the Δugm1 mutant that overproduces GAG is not more pathogenic than its parental strain (Lamarre et al. 2009 ). Recent studies have identified several biological properties of GAG that are illustrated herein (TABLE I ). These properties, described below, can explain why this polysaccharide is a virulence factor of A. fumigatus.
GAG has adhesive properties.-GAG from A. fumigatus is an adhesin able to stick the fungus to abiotic and biotic surfaces and it is essential for biofilm formation (Polysaccharides and biofilm in Aspergillus fumigatus [Fontaine 2011 ]), Rambach et al. (2015) . The phenotype analysis of GAG mutants revealed that the absence of GAG was concomitant with the loss of adherence to abiotic surface (Gravelat et al. 2013 , Beaussart et al. 2015 . In contrast in mutants such as Δugm1 where GAG was overproduced adherence was increased (Lamarre et al. 2009 ) showing that GAG is an essential adhesin of A. fumigatus. Binding to substrate occurs in seconds. The self-adhesion of GAG to mycelial cell wall is not only important for the formation of Aspergillus tight fungal balls that are difficult to be penetrated by the immune antifungal molecules but also to mask PAMPs such as cell wall β-glucans to prevent the recognition by dectin-1 (Gravelat et al. 2013 ).
The molecular mechanism of adhesion of GAG to abiotic and biotic surfaces remains uncharacterized but would result from an ionic interaction rather than being receptor mediated in that its adhesion capacity is as strong on abiotic surface as in host cells. In N.
crassa the putative role of polygalactosamine polymer in adherence of conidia was suggested to depend on the de-N-acetylation of galactosamine residues (Glasgow and Reissig 1974) . In this fungus the presence of 0.1 M NaCl prevents the interaction of the polygalactosamine with conidia (Glasgow and Reissig 1974) . In A. fumigatus numerous cell wall-associated mycelial proteins bind to GAG polymer, suggesting a role during vegetative growth in vivo.
Addition of 0.5 M NaCl/0.1% Triton X100 inhibits the binding of most of them, confirming the dependence of the binding on ionic strength. However, the adhesion to abiotic and biotic surface is not perturbed in presence of high salt concentrations and at different acidic or basic pHs as observed also in Paecilomyces sp. (Takagi and Kadowaki 1985, Fontaine unpubl) .
Polycations have been shown to adhere to solid surface. Poly-β(1,6)-N-acetylglucosamine (PNAG) is an extracellular polysaccharide that mediates biofilm cohesion in numerous Gram-negative and Gram-positive bacteria (Whitfield et al. 2015) . PNAG is partially de-Nacetylated (5-20% de-N-acetylation) producing free amino groups. Of interest, the fully Nacetylated polymer is not retained at the bacterial cell surface and led to deficiencies in biofilm formation (Vuong et al. 2004 ). The comparison between both polyamino sugar polymers from bacteria and Ascomycetes suggests that de-N-acetylation is required for the adhesive properties of GAG (Bamford et al. 2015) .
GAG is an antigenic polysaccharide.-Antigens circulating in the biological fluid of the patients have been used for the diagnosis of invasive aspergillosis (Latgé et al. 1994 ). Among them the most recognized is the galactomannan, which antigenicity is based on the galactofuranose residues. The quantification of the circulating antigen requires 3 min boiling in 1% EDTA procedure to dissociate the immune complexes. Due to the high concentration of GAG produced by A. fumigatus in vitro (50 µg/mL) and in vivo (FIG. 1) , a putative use of this polymer as circulating antigen was foreseen. Surprisingly around 40% of serum from both healthy people and aspergillosis patients independently of their blood group possess high amounts of anti-GAG antibodies at a 1/5OO dilution of the serum (Fontaine et al. 2011) .
Similarly control and infected rats had a high amount of anti-GAG antibodies. A crossimmune reaction was observed with N-glycan from glycoprotein of the intestinal pathogen Campylobacter jejuni. Indeed this bacterium synthesizes a branched penta-α(1,4)GalNAc oligomer linked to cell surface protein (Young et al. 2002) and specific antibodies against Nglycan of C. jejuni recognized GAG polymer. The nature of the epitopes recognized by these anti-GAG polyclonal antibodies has not been defined but it has been shown that at least two epitopes are recognized (Fontaine et al. 2011) . The origin of these antibodies remains unclear, but they could be due to the production of Gal/GalNAc/GalNH 2 -containing polymers by the bacteria of the microbiota. Indeed the portal entry for GAG homologs could be the gut barrier as demonstrated for the galactomannan and for N-glycan of C. jejuni (Letscher-Bru et al. 1998 , Gangneux et al. 2002 , Karlyshev et al. 2004 ). Another hypothesis is the production of sufficient amount of GAG during intra-phagocytic conidial germination (Philippe et al. 2003) to induce the production of antibodies. The protective function of these anti-GAG antibodies in the immune response of the host against A. fumigatus has not been investigated. However, the presence of such antibodies in both aspergillosis patient as well as healthy people does not suggest any beneficial effect of these specific antibodies. The presence of circulating oligosaccharides from GAG in the biological fluids of patients and their putative use as a diagnostic tool remain an open question.
GAG dampens the neutrophil-dependent anti A. fumigatus response.-The fungal burden seen in mouse model of aspergillosis after GAG injection correlates to neutropenia.
Accordingly the GAG-deficient mutant ∆uge3 induced an increased recruitment of neutrophils to the fungal lung lesion (Fontaine et al. 2011 , Gravelat et al. 2013 ). Neutrophils are the second line of defense after alveolar macrophages against mold pulmonary infections and contribute to the early innate response by rapidly migrating into inflamed tissues (Borregaard 2010) . Bloodstream neutrophils have a short half life and prolongation of their lifespan is critical for efficient pathogen destruction. It has been observed that the percentage of apoptotic PMNs in whole-blood samples increased in the presence of GAG in a doseresponse relationship. In contrast other cell-wall polysaccharides such as galactomannan, α(1,3)glucan and β(1,3)glucan did not induce such cellular apoptosis. The mechanism of PMNs apoptosis induced by GAG was studied and revealed a specific pathway via a new NK cell-dependent mechanism (Robinet et al. 2014) . GAG interacts with PMNs and induces the production of reactive oxygen species (ROS) and the MIC-A (MHC class I chain-related A) expression at the cell surface. This GAG-induced increased expression enables interaction between MIC-A and NKG2D, leading to NK-cell activation. NK-cell activation through GAG-induced PMNs generates in turn a Fas-dependant caspase stimulation and apoptosispromoting signal in PMNs. In addition cell wall-associated GAG mediates resistance to NADPH oxidase-dependent neutrophil killing. This enhanced resistance is at least partly due to an increased resistance to neutrophil extracellular traps (Lee et al. 2015) .
GAG has an anti-inflammatory effect.-In mouse models of invasive aspergillosis intranasal inoculation of purified GAG inhibits the IFN-γ and IL-10 cytokines and increased the IL-4 production in lung, known to induce Th2 cell lineage proliferation and dampen Th1 cell responses that promote fungal infections (Fontaine et al. 2011 , Romani 2011 . Decrease of PMN recruitment in the lungs also might be related to a decrease of chemokine production.
The capacity of GAG to induce immune-modulatory effects in host was observed in human PBMCs. Surprisingly GAG did not induce any of the pro-inflammatory cytokines TNFα, IL-6, IL-8, IFN-γ, IL-17, IL5 and IL-9, neither did it induce the anti-inflammatory cytokine IL-
GAG reduced the production of T-helper (Th) cytokines IL-17, IL-22 and IFNγ in
Aspergillus conidia-stimulated PBMCs. This ability of GAG to modulate human Th responses also was observed when PBMCs were stimulated by the cytokine combinations IL-1β/IL-23 and IL-12/IL-18 that induce IL-17, IL-22 and IFNγ, showing that GAG inhibits human pro-inflammatory Th cytokine production that is highly dependent on the IL-1 receptor pathway (Gresnigt et al. 2014) . Finally it was demonstrated that GAG inhibits the IL-1 bioactivity by the induction of IL-1 Receptor antagonist (IL-1Ra) in vitro on PBMCs (Gresnigt et al. 2014) . IL-1Ra blocks the IL-1R type I receptor and prevents recruitment of IL-1R accessory protein that is required for signaling and is responsible to the suppression of IL-17 and IL-22. These data showed that the capacity of GAG to induce IL-1Ra is responsible for its potent anti-inflammatory properties (Gresnigt et al. 2014) .
The significance of IL-1Ra production was investigated in vivo to determine whether the effects induced by GAG are dependent on IL-1Ra. In a mouse model of aspergillosis administration of GAG resulted in increased IL-1Ra in the lungs of wild-type mice during infection that correlates with the increase of fungal burden in the lung. In contrast Il-1Ra -/-mice are highly resistant to invasive aspergillosis, as shown by their long-term survival and the reduced fungal burden. The administration of GAG reduced inflammatory PMN recruitment in WT but not in Il1ra -/-mice. These data demonstrate that IL-1Ra has an important role during Aspergillus infections and support the concept that the induction of IL1Ra by GAG might have important clinical consequences (Gresnigt et al. 2014) . In alveolar bronchopulmonary aspergillosis GAG administration decreases PMN recruitment but not eosinophilic infiltration in the bronchoalveolar lavage and lung of allergic mice. This is correlated to a decrease of Th17 but not Th2 cell responses, revealing that GAG has a potential to ameliorate Th-17 dependant immunopathology in ABPA (Gresnigt et al. 2014) .
Moreover, IL-1Ra induction by GAG may be exploited as a therapy for IL-1 mediated inflammatory diseases in a way similar to Anakinra. Blocking IL-1 with the receptor antagonist (anakinra) decreases neutrophil recruitment and Th17 response and protects chronic granulomatous disease (CGD) in mice from colitis and also from invasive aspergillosis (Luca et al. 2014) . Because blocking of IL-1 pathway by IL-1Ra treatment is beneficial against auto-inflammatory diseases (Dinarello et al. 2012 , Luca et al. 2014 (Piccioni et al. 2013) and in vitro in LPS-activated macrophage (Vecchiarelli et al. 1995) . Other polysaccharides from bacteria or seaweed or medicinal plants have anti-inflammatory properties. It has not been possible to correlate their anti-inflammatory properties with a specific carbohydrate composition because all these antiinflammatory molecules have very different carbohydrate composition and structural organization (Hua et al. 2007 , Bleau et al. 2010 , Lee et al. 2012 , Surana and Kasper 2012 , de Brito et al. 2013 , de Sousa et al. 2013 , Wu et al. 2013 .
Dietary fiber has gained significant attention partly because of their immunemodulatory properties (Ye and Lim 2010 , Leclere et al. 2013 , Popov and Ovodov 2013 .
Among them pectin macromolecules have immunosuppressive activities (Popov and Ovodov 2013) . Citrus pectin induced in vitro a dose-dependent inhibition of IL-1β secretion correlated with an increase secretion of anti-inflammatory cytokines IL-10 and IL-1Ra by human PBMCs (Salman et al. 2008) . In animals models of colitis or inflammatory bowel disease pectin feeding has a beneficial effect with alleviating symptoms associated with a decrease of TLR4 and TNFα expression-induced inflammation (Liu et al. 2010 ), a reduced neutrophil infiltration in site of inflammation (Popov et al. 2006 (Popov et al. , 2007 . Pectins are structurally heterogeneous macromolecules with linear regions consisting of a backbone of α(1,4)-linked galacturonic acid and ramified regions (Leclere et al. 2013 ). The antiinflammatory properties are dependent on a high galacturonan content of the chain. In vitro galacturonan decreased the concentration of IL-1β and increased IL-10 secretion by leukocytes (Popov et al. 2007 ). The structural comparison with GAG from A. fumigatus suggests a structure-function relationship where linear α(1,4)-linked galactose derived monosaccharide may be important for the anti-inflammatory properties of polymer.
Moreover, acetylation is a common modification of polysaccharides, which can affect the physical and chemical properties of polysaccharides. The classical example is chitin and chitosan. The increased proportion of acetyl group transforms a soluble chitosan polymer into an insoluble chitin (Flemming and Wingender 2010) . A poly β(1,6) N-acetylglucosamine is produced by many Gram-positive and Gram-negative bacteria. This polysaccharide is partially de-N-acetylated by an extracellular surface associated deacetylase, in a way similar to the modification of the Aspergillus GAG. In bacteria the fully acetylated polymer is not retained at the surface due to a lack of cationic charges necessary for biofilm formation (Vuong et al. 2004 , Whitfield et al. 2015 . In the basidiomycete yeast C. neoformans the absence of de-N-acetylation of chitin, consecutively to chitin deacetylase gene deletions, induces an increase in the sensitivity to stress and a decrease in the virulence (Baker et al. 2007 (Baker et al. , 2011 . The immune-modulatory role of acetyl modifications in GAG but also in chitin now should be investigated. Moreover, if GAG has been studied in only fungal species the wide occurrence of anti-GAG antibodies suggest that it may exist in a multitude of bacteria and eukaryotes that produce this polymer. Microbiota investigations should be undertaken to identify other sources of GAG production and their role in the regulation of global immune responses.
CONCLUSION AND PERSPECTIVES
During the past four years the biological importance of GAG from A. fumigatus has been highlighted. GAG polymer is involved in biofilm formation and mycelium adhesion to abiotic and biotic substrates. It plays also an essential function in the modulation of the host immune system that favors fungal infection. GAG has immunosuppressive functions through PMN apoptosis and dampening of IL-1 pathway. The future of GAG research will be focused on the dissection of the mode of action of GAG (i.e. the identification of the immune cell-or phagosome surface receptors and the characterization of the signalling pathways, which induces the production IL-1Ra). Moreover, elucidating the composition of the minimal oligosaccharide derived from GAG able to modulate the immune system will be essential to design new anti-inflammatory glycodrug.
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